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Introduction
Ceramic membranes fabricated by the non-solvent induced phase separation (NIPS) method have potentials in many applications such as solid oxide fuel cells, water purification and catalytic reactor, because of the stability of ceramics in harsh environment and the unique structure of NIPS membranes [1] [2] [3] [4] . NIPS membranes typically show a tri-layered structure with a sponge-like layer (SLL) supported on a finger-like voids layer (FVL), and the top surface is covered with a dense skin layer.
The skin layer and/or the SLL can perform as selective layers and the FVL as a supported layer [5] . Sintering is always required to achieve a proper mechanical strength for the ceramic membranes, which is also one of the most critical steps because many defects including residual stresses, cracks, delamination and shape distortion, could be generated from the densification mismatch between the constituent layers [6] [7] [8] . These undesired defects could weaken the sealing and degrade the mechanical performance of the NIPS membranes in service.
The densification mismatch of multilayered structures is usually attributed to the different densification kinetics of different materials and/or the variation of green density. Many researches have been done to analyze the distortion kinetics of the multilayered systems and the associated sintering mismatch stresses using isotropic constitutive laws [9] [10] [11] [12] [13] . The theoretical models developed require constitutive parameters (eg, uniaxial viscosity) of each constituent layer for the calculation of densification strain rate mismatch and the consequent sintering mismatch stresses.
However, for NIPS membranes, there is no distinct interface between the constituent layers, and the finger-like voids featured a hierarchical structure with structural gradient.
In this case only the constituent parameters of the whole NIPS membrane can be measured instead of the individual layers by the thermal mechanical analysis (TMA).
While the constituent parameters of the entire multilayered membrane cannot be used to explain the densification mismatch. Although many theoretical approaches have been proposed for the computation of viscosity, there is no one can be directly used in this study [14] . Thus, this work seeks to understand the mechanism of densification mismatch which occurs during the sintering of NIPS membranes by evaluating the microstructure and distortion evolution.
During the sintering of multilayered systems, it was recognized that internal residual stresses can be generated [8, 15] . These stresses are formed due to two primary contributing factors: the difference in the densification rate of different constituent powders into a ceramic body and the difference in the thermal expansion coefficient (CTE) of the densified ceramic, which arises during cooling from the sintering temperature to the room temperature. The development of internal stresses influences the microstructure as well as the microscopic mechanical properties [16, 17] . Compared with the sintering mismatch stresses which have been studied profoundly over the past decades, little work to date has been done to analyze the distribution and the evolution of residual stresses in the co-fired multilayered systems. A common method for the investigation of residual stresses is Raman spectroscope, which has been utilized for measuring the residual stresses in a number of systems [18, 19] . The favorable spatial resolution of Raman technique is helpful to explore the relationship between the 5 residual stresses evolution and the microstructure of NIPS membranes.
The objective of this study was to investigate the effect of structure on the densification mismatch and the residual stresses of the NIPS membranes. The membranes made of 3 mol% yttria-stabilized zirconia (YSZ) were sintered from 1200 °C to 1500 °C, the curvature and microstructure evolution were recorded as a function of temperature.
Raman spectroscopy was used to obtain the residual stresses. The analytical model proposed by Cai et al. [10] was employed for a semiquantitative analysis of the densification rate mismatch and the sintering mismatch stresses.
Experimental procedure

Preparation of YSZ NIPS membranes
The suspension for the preparation of the YSZ NIPS membranes consisted of 50 wt.% YSZ powders (>99.9%, 200 nm, Jiangxi Fanmeiya Materials Co., Ltd.), 40 wt.% Nmethyl-2-pyrrolidone (NMP) (AR Grade, Sinopharm, China) and 10 wt.% polyethersulfone (PESf) (BD-5, Beishide Chemical Reagent Factory). All the raw materials were high energy ball milled for 24 h to ensure the well mixing. The ball milled suspension was transferred to a sealed vessel and degassed under vacuum for 1 h. Then the degassed suspension was casted on a flat glass using a film applicator (FA-102D, Fuan Enterprise Co., Ltd.), where a micrometer gauged scarper was used to control the thickness. Two kinds of casting thickness were used, 1000 μm and 800 μm.
The casted wet membranes were transferred into a water bath for 48 h immersion to complete the phase separation process. The solidified membranes were dried for 12 h in air to obtain the membrane precursors (membrane as prepared, to distinguish from green membranes without organic binder). The dry thicknesses after the phase inversion process for the two membranes were ~850 μm and 680 μm, respectively.
Camber evolution and microstructure characterization
To observe the curvature evolution of YSZ NIPS membranes, an in-situ observation was conducted, in which a flat plate with a dimension 40 mm × 0.5 mm was cut from the membrane precursor and placed on an alumina substrate with the FVL on the top side and put into a tube furnace (Carbolite, UK). A thermocouple was placed adjacent to the membrane for temperature recording. The membrane was first heated at 800 °C for 1 h to eliminate the organic binder with a heating rate of 5 °C/min and subsequently heated to 1500 °C at the same heating rate. Photographs of the curvature evolution were taken at 25 °C intervals over the temperature range of interest, on which the curvature was measured by the following steps: three points were placed at the middle line of the membrane to draw a circle with radius r, and the curvature k was calculated by the reciprocal of r. A positive curvature was denoted when the membrane bended towards the SLL.
The membranes used for microstructure characterization were sintered in a chamber furnace (Carbolite, UK) and immediately cooled down once reach its target temperature to prevent further sintering. The morphologies of fractured cross section were examined using a scanning electron microscope (SEM, JEOL JSM-7800F Prime). The grain size and porosity were measured on the polished and thermal etched (conducted at 100 °C below the sintering temperature for 30 min) surfaces by processing the SEM micrographs using the Image J software. The positions for measurements were located at middle line of the thickness of the FVL and the SLL. To reduce the error in the determination of porosity and grain size by image analysis, at least 600 μm 2 areas and 200 random grains were measured for the statistical analysis.
For accessing the finger-like voids at different strata of the membranes, a fraction of membranes was grinded off from the top or bottom to expose the voids. The total thickness of the membranes was first measured, then the membranes were mounted flat in epoxy resin, and then grinded off 10%, 40% and 70% of the total thickness by controlling the residual thickness of membranes. SEM images were taken for each grinded membrane, the voids diameters and the voids area fraction were counted using the Image J software.
Residual stress measurement
The residual stresses were measured by Raman spectroscopy (LabRAM HR Evolution Horiba, France, 532 nm) at room temperature. Spectral resolution of the investigated Raman peak range was ~0.65 cm -1 . The obtained spectra were deconvoluted for the stress calculation using Gaussian-Lorentzian function (Labspec 6 analysis software, Horiba, France). The laser spot size was about 2 μm. 10 measurements were conducted around the designed positions on the side surface of the membranes to estimate the statistical significance. The stresses were calculated from the Raman peak shift, Δυ, by [20] :
where E/E0 is the ratio between the elastic modulus of the probe position and that of the dense YSZ materials which is 200 GPa [18] . The elastic modulus of probe positions was calculated with Ramakrishnan's model [21] . Π is the piezo-spectroscopic constant, which is 2.01 cm -1 /GPa for the peak at 465 cm -1 [18] . The Poisson ratio ν is estimated to be 0.3 for all the specimens. All the error bars showed standard deviations in this work.
Results
Porous structures of YSZ NIPS membranes
Sponge-like structure and finger-like voids in macroscale
The membranes with a casting thickness of 1000 μm were mainly characterized and discussed, unless otherwise specified, the results were for the membranes with 1000 μm casting thickness. Fig. 1 presented the SEM images of the green membrane (sintered at 800 °C for 3 h to remove the organic binder) and the membrane sintered at 1450 °C without dwelling. The unique multilayered structure of the NIPS membrane consisted mainly of three layers: the skin layer, the FVL and the SLL. The upper skin layer and FVL occupied ~70% of the thickness with a plurality of finger-like voids (sketched in Fig. 1a ) penetrating through the FVL, and the lower SLL. The inserted image in Fig.1a showed the skin layer (specimen sintered at 1450 °C), beneath which the finger-like voids initiated. There were transition regions between the different layers, instead of distinct interface. Moreover, there was a thin wall (highlighted in Fig. 1a ) separating the finger-like voids which also possessed a sponge-like network structure, the same as that of the SLL (shown in Fig. 1b, d ). Then the primary porous structures of the NIPS membranes were composed of two parts: the sponge-like structure and the finger-like voids in macroscale.
Detailed microstructures of the green membrane and the membrane sintered at 1450 °C were compared in Fig. 1b -g, including three featured positions in the NIPS membranes.
These images showed remarkable densification and grain growth of the sponge-like structures after sintering. Images showed that the densification occurred mainly in the struts, and the voids surrounded by structs have not been eliminated during sintering because the void size was much larger than the initial grain size. Besides the spongelike structure, the finger-like voids were also preserved for all the membranes sintered at different temperature, which agreed with the previous study [22] . (Fig. 2a) showed that these voids initiated beneath the skin layer and grew larger in size horizontally as they propagate across the cross-section.
The section views at three different strata of the membrane ( Fig. 2b-d ) further demonstrated that the finger-like voids were conic shape and the number of voids decreased along the thickness as well. The initialization and hierarchical structure of the finger-like voids could be interpreted by the Rayleigh-Taylor Instability theory [23] .
The periodic perturbations on the interface between the suspension and the coagulant (water) was facilitated by a difference in density, and the interface moved towards to the suspension side because of the extraction of solvent (NMP) and contraction of polymer (PESf). of the thickness. The casting thickness of the membrane was 1000 μm.
Densification of YSZ NIPS membranes
Densification of sponge-like structures
The porosity and grain size of the SLL and the wall between the finger-like voids under different sintering temperature were shown in Fig. 3 , both regions displayed a spongelike structure. The grain size of all the specimens monotonically increased from ~100 nm at 1200 °C to ~300 nm at 1500 °C, and no significant difference in the grain size was identified between these two regions. In the investigated temperature range, the porosity of wall between the finger-like voids was higher than that of the SLL throughout the sintering process. The inserted SEM images showed the polished and thermal etched SLL sintered at 1250 °C and 1400 °C, no preferred orientations of the pores and grains in the sponge-like structure were observed. The depending of densification mismatch within the NIPS membranes on the shrinkage of porous structures will be discussed later. indicating that the SLL shrank more than the FVL at this temperature. The camber reached the maximum at 1300 °C, and then gradually decreased to flat shape at 1400 °C, as shown in Fig. 5c -e. After this, the membrane bended towards the opposite direction (Fig. 5f) , and the camber slightly increased with the increasing temperature up to 1450 °C (Fig. 5g) . Then the arched membrane recovered the flat shape again at 1463 °C, as shown in Fig. 5h . Fig. 8a showed the development of residual stress of the YSZ NIPS membranes with temperature. The measurements were conducted on the side surface of the sintered membrane, and for comparison purposes, the "transition region of SLL" was located at 80% of the thickness for all the specimens. The states of residual stresses were tensile for all the characteristic positions before 1400 °C, this temperature was corresponding to the inflection point of curvature direction, also the inflection point of the sinusoidal variation of residual stresses for all three probe positions. After that, the residual stresses of the transition region of SLL turned into compressive. At the beginning (1200 °C) and the end (1500 °C) of the process, the residual stresses at probe positions were near zero. Fig. 8b represented the variation of biaxial sintering mismatch stresses across the thickness in the bilayer structure [10] . The vertical axis corresponds to the thickness of the bilayer system and the horizontal axis corresponds to the sintering mismatch stress. According to the profile, the interface of the layer sintered faster (point A) and top surface of the layer sintered slower (point B) are the positions of the maximum tensile stress in each layer. The sintering mismatch stress depends on whether the free shrinkage strain is larger than the constrained shrinkage strain. For the layer sintered faster, the shrinkage strain is reduced by the layer sintered slower, thus, the sintering mismatch stresses of the layer sintered faster are tensile. The constraint is most severe at the interface (point A), and the sintering mismatch stress here is the largest.
Densification of finger-like voids
Residual stress of YSZ NIPS membranes
However, the theoretical model was used for the transient viscoelastic stress caused by densification mismatch, the relevancy between the viscoelastic stress and residual stress was still remain discussion. 
Discussion
Densification mismatch of YSZ NIPS membranes
The distortion confirmed the presence of densification mismatch during the sintering of YSZ NIPS membranes. The temperature difference between the air and the alumina plate might occur due to the differences in thermal conductivity and heat capacity, however, this temperature difference would play a minor role on the temperature profile of the YSZ NIPS membrane because the heat conduction and thermal radiation dominated in the heating process [25, 26] . Therefore, it is reasonable to assume the temperature as uniform. As a homogeneous material membrane, the green density variation was the only reason for densification mismatch. The porous structures of YSZ NIPS membranes were classified into two morphologies: the sponge-like structure and the finger-like voids in macroscale. The sintering potential of pores is related to the differential chemical potential for diffusing species which is inversely proportional to the curvature of pore surface [27, 28] . Then the finger-like voids were expected to less contribute to the sintering driving force due to their low surface curvature. As shown in Fig. 2 , the finger-like voids were uniformly distributed in the sponge-like structure matrix, thus these voids should shrink at the same rate as the matrix, and the voids size during sintering can be predicted from [27, 29] :
where D is the finger-like voids diameter during sintering, D0 is the initial voids diameter, ρm0 and ρm are the initial density and the density during sintering of the matrix respectively. Fig. 9 represented the finger-like voids size at 40% of thickness which was predicted by Eq. (2), there was a good agreement between the experimental and the theoretically obtained voids diameter. The results were also in agreement with the variation of voids area fraction (Fig. 4a) , which remained almost constant because the shrinkage of finger-like voids was proportional to that of the matrix. The sponge-like structure matrix determined the shrinkage rate then since the sintering potential of intergranular porosity was much larger than that of the finger-like voids.
Because the phase separation by liquid-liquid demixing is gradually extended from the top surface to the bottom surface, the simultaneous solvent evaporation and moisture (non-solvent) condensation can cause a viscosity increasing towards the bottom surface [22, [30] [31] [32] . Then the sponge-like structures exhibit variation over the membrane thickness. The porosity of sponge-like structure gradually increased along the thickness, as shown in Fig. 3a . The matrix with higher density had a faster densification strain rate initially, following by a curvature increase towards the SLL (stage I in Fig. 6 ). As the sintering process continued, both SLL and FVL gradually densified, but their densification rate decreased due to the decreasing sintering driving force induced by grain growth [33] . Whilst, the high porosity of the wall between the finger-like voids allowed a further densification of the FVL. A continued shrinkage of the upper layer made the camber to bend towards the FVL (stage II in Fig. 6 ). The increasing density resulted in an increase in viscosity as well, forming a higher resistance for distortion, which can be regarded as a reason for the smaller curvature in stage II. Furthermore, the gravity acted against the distortion throughout the whole sintering process, contributing to the final flat shape of membrane (stage III in Fig. 6 ) [34, 35] .
The densification mismatch between the skin layer and the FVL became dominate when the proportion of SLL was small. The camber behavior of NIPS membrane mainly consisted of these two layers (the skin layer and the FVL, Fig. 7 ) had reflected the green density variation between these two layers. The void size of the finger-like voids beneath the skin layer was comparable to that of the sponge-like structure or even denser, which suggested that the finger-like voids at this region could be involved in sintering. In this case, the densification mismatch between the skin layer and FVL could be reflected on the macro-deformation as shown in Fig. 7 . The shrinkage in finger-like voids diameter at 10% of the thickness stopped at 1300 °C (Fig. 4a) whilst the other two positions kept changing, which also suggested a tight packing of YSZ particles near the skin layer. The favorable particle coordination facilitated the elimination of intergranular porosity and consequently decreased the driving force for shrinkage. The temperature at which the voids diameter stopped changing (1300 °C) was lower than that of the change in curvature direction (1400 °C), suggesting that the termination of shrinkage in voids diameter should be attribute to the complement of sintering process rather than the sintering mismatch stress.
The individual sintering behaviors of different layers of NIPS membrane were difficult
to analyze because the interface between layers were indistinct and the structure exhibited gradients. Then it is necessary to simplify the geometry of the specimens for the calculation of densification mismatch. The tri-layered membranes were reduced to two layers, the FVL and the SLL, and the variation of sponge-like structure matrix within each layer were ignored. The normalized curvature rate of the cambered membrane is related to the densification rate mismatch between layers by [7, 10] :
where ∆ε̇ is the densification strain rate mismatch, k̇ is the normalized curvature change rate, m and n are the thickness ratio and viscosity ratio of the two adjacent structures respectively, given by m= , and the subscript s and f represent the SLL and the FVL respectively. The k̇ was calculated with the data presented in Fig.   6 , and m was taken as 0.3 for all the membranes. Moreover, the densification rate mismatch is dependent on the viscosity ratio n and it can be figured out with several calculations. The uniaxial viscosity in Eq. (2) can be related to the shear viscosity G and the viscous Poisson's ratio ν by [36] :
where the Poisson's ratio ν is calculated with [16] :
and the normalized shear viscosity G is defined as [37] :
where ρ is the relative density of the compact, and G 0 is the shear viscosity of a fully dense material. For the simplified bilayer NIPS membranes with the same layer materials and similar pore structures but different initial layer porosity, the G 0 is the same [35, 38] . Then with Eqs. (4)- (6), the viscosity ratio between the SLL and the FVL can be written as:
Fig . 10 presented the calculated densification strain rate mismatch within the NIPS membranes as a function of the sintering temperature, where the positive part before 1300 °C represented that the strain rate of the SLL was higher than that of the FVL, and the negative part was on the opposite. The inserted image showed the normalized curvature rate, in which the variation of curving rate was in sync with the densification strain rate mismatch. The result was limited to the temperatures where the curvature could be effectively measured. As demonstrated in Eq. (2), the curving rate is zero when the densification strain rates of the constituent layers are converging, which is corresponding to the maximum curvature of the cambered membranes. This correlation between the curvature and the densification strain rate mismatch was proved by the maximum curvature at 1300 °C and that at the 1450 °C.
As discussed above, the green density variations of the sponge-like structure were the reasons for the densification mismatch of the NIPS membranes during sintering, and the unsynchronized decrease of densification rate with the increasing porosity were responsible for the reversal of camber direction. The densification strain rate mismatch calculated by the simple theoretical model was in agreement with the experimental results, however, the theoretical analyses here only provided a semiquantitative analysis about the sintering of NIPS membranes, under the precondition of ignoring the porosity gradient of the sponge-like structure matrix within each layer. 
Residual stresses of YSZ NIPS membranes
The sintering mismatch stresses can be developed due to the difference in the densification. Although the camber caused by densification mismatch lead to partial relaxation of the sintering mismatch stresses, the residual stresses could still exist in membranes, and the residual stresses basically are proportional to the sintering mismatch stresses [8] . In this study, the densification mismatch was believed to be the only origin of residual stresses because there was no thermal expansion coefficient mismatch in the YSZ NIPS membranes [39] .
For sintering mismatch stresses in conventional bilayer system (Fig. 8b) , the maximum tensile stress of the layer that sintered faster occurs at the interface. Before 1400 °C (stage I in Fig. 6 ), the SLL shrank more, indicating a tensile stress within this layer and a larger stress at the transition region. However, creep is capable of releasing the sintering mismatch stress, and the effective creep rate is expected to increase with the increasing porosity [40] , which can explain that the residual stress at the bottom region was larger than that of the transition region of SLL. Different from theoretical model, the densification mismatch occurred between the FVL and the skin layer could generate the sintering mismatch stresses as well. The skin layer shrank more than the FVL until 1425 °C as evidenced in Fig. 7 , however, with the addition of SLL, the direction of curvature changed to the opposite, which was supposed to leave the skin layer in tensile stress. After 1400 °C (stage II in Fig. 6 ), the transition region of SLL turned into compressive stress because of the smaller shrinkage during this stage. The sintering mismatch stresses at the transition region of SLL during stage I can be given by [10] : 
The parameters are defined in Eq. (3) . As demonstrated in Eq. (8), the largest sintering mismatch stresses develop when the product of the densification rate mismatch and the viscosity is maximum. The correlation between the residual stresses and the sintering mismatch stresses suggested a similar variation of them. The evolution of the residual stresses at the transition region of SLL in Fig. 8 obeyed an approximate sinusoidal pattern to that of the densification strain rate mismatch (as shown in Fig. 10 ), but different phase, which was expected to be caused by the variation of viscosity. The absence of residual stress at 1200 °C and 1500 °C were attributed to the incipient densification mismatch and the relaxation of stress by creep under the gravity respectively. 26 The measurement of residual stresses involves an error source. The elastic moduli of all the specimens were calculated by the theoretical model which might overestimate the value. Nevertheless, the residual stress states measured with Raman spectroscopy were in good agreement with the theoretical model.
Conclusions
In this study, the tri-layered YSZ membranes were fabricated using a combined NIPS and sintering method. The membranes were composed of the skin layer, the FVL and the SLL. It was found that the density variations of the sponge-like structure were the main reason for the densification mismatch, and the unsynchronized decrease of densification strain rate with the increasing porosity were responsible for the reversal of camber direction. The finger-like voids could be treated as macro-features embedded in the sponge-like structure matrix which made no contribution to the sintering potential.
Raman spectrum demonstrated the state and the distribution of residual stresses at the characteristic locations of the YSZ NIPS membranes. The residual stresses states were in agreement with the sintering mismatch stresses predicted by a theoretical model. The variation of residual stresses obeyed an approximate sinusoidal pattern, which was believed to have a correlation with the strain rate mismatch. Further, the densification strain rate mismatch within the NIPS membranes was quantified with an in-situ monitored curving rate evolution combined with the porosity variation observation.
These results can be used to improve the performance of NIPS membranes.
